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es.2012.0Abstract The direct determination of shear characteristics of concrete by universal tests is still a
major concern for researchers. Most available studies use a torque that is applied to a hollow cyl-
inder with a thickness/radius ratio as small as possible. This serves to develop a test based on the
behaviour of the material and not the structure. However, these tests may show dispersions due to
problems of fragility or non-homogeneity of the material.
For this, an original experimental device has been used by creating two stress free zones using two
Styrofoam pieces added to the cylindrical mold. New boundary conditions are created to transform
the compression stress into shear on a limited area. The device ensures the perpendicularity of the
cylinder and the good distribution and homogeneity of constraints.
Using this technique allows the determination of the inﬂuence of the failure surface inclination on
the behaviour of concrete in shear.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
To know the behaviour to shear of structural elements in rein-
forced concrete, such as columns and beams in tangential ac-
tion, it is necessary to consider the pure shear acting either
alone or with tension.
Indeed, the major difﬁculty lies in developing an experimen-
tal procedure sufﬁciently reliable to adequately represent the
shear behaviour of concrete and relatively easy for industrial
purpose. Different methods developed in this context are used13 31818965.
(R. Boulifa).
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7.001to explain the mechanism of shear transfer. In this case, the
nearest explanation is based on the inﬂuence of the shear
span-to-depth ratio. This ratio is an important parameter for
the calculation method (Wong et al., 2007). Methods based
on direct shear are practically applicable to the advanced cal-
culation of reinforced concrete beams (Loov and Patnaik,
1994), curved structures and foundations (Walraven et al.,
1987).
This research focuses on the mechanism of shear transfer in
concrete alone by developing an experimental procedure to
determine the inﬂuence of the orientation of the surface of
shear failure on the force-slip relationship. The experimental
study is intended to develop a test on a concrete specimen
where a surface of shear failure is created following an off-axis
loading. The specimen is a concrete cylinder that is cut on both
ends using two Styrofoam pieces added to the cylindrical mold.
The shape of such a specimen allows for a longitudinal slip (inier B.V. All rights reserved.
Nomenclature
a Shear span distance
bw Width of beam
D1 Diameter upper of shear plane
D2 Diameter lower of shear plane
E Thickness of the shear zone
fc Cylinder compressive strength of concrete
h Depth of beam
S1 Plan cylindrical of diameter D1
S2 Plan cylindrical of diameter D2
Vc The shear strength contributed by concrete
mc The shear stress contributed by concrete
a Inclination of shear plane
rv Vertical stress
sxy The ﬂow of shear along the fracture plane
150 R. Boulifa et al.terms of deformation) parallel to the axis of the cylinder. The
variation of the thickness of the zone affected by the shear can
change the angle of failure surface.
2. Critical synthesis of the tests proposed for determining the
shear
2.1. Experimental S-shaped shear specimens
The shape S of the test specimen must ensure the occurrence of
shear stress in a plane by loading with two forces which equil-
ibrate each other without necessitating the application of sup-
plementary forces on the boundary to ensure an equilibrium.
Various designs were tested, calculating the curvature of the
two branches so that the compressive stress (or the tensile
stress) whose maximum value occurs at the inner curve of
the curved bar should not exceed the value at which failure
takes place (Goldenberg et al., 1958).
But, this geometry of the test is used for the determination
of the shear strength for plastics (material rigid without being
brittle at normal temperatures and which have a ductile-type
failure).
The push-off specimen of Fig. 1a was proposed by Mattock
and Hawkins (Mattock and Hawkins, 1972) to investigate the
interfaces in reinforced concrete. Finite element analyses have
shown that a tensile stress exists at the crack tip, which is of the
same magnitude as the shear stress, that is, a mixed state of
stress exists.
Fig. 1b and c show elaborate testing devices which allow
various mixed mode combinations by rotating the holder of
the specimen. Both devices (Fig. 1b, according to RichardFigure 1 Different mode-II test conﬁgurations: (a) push-off
specimen; (b) mixed-mode device according to Richard; (c) mixed-
mode device according to Arcan.(Richard, 1981), Fig. 1c, according to Arcan (Banks-Sills and
Arcan, 1983)) were used in photo-elastic studies but not on
concrete. Izumi et al. (1986) have converted the device for
compressive loading and applied to concrete in mixed mode
loading.
2.2. Shear test of Iosipescu
Professionals know that it is very difﬁcult to submit specimens
to pure shear. Interesting setups are those working according
to the method proposed by Iosipescu (Iosipescu, 1967).
In the Iosipescu test, a shear stress given by a couple of
forces is applied to a notched specimen. The test setup is com-
posed of two identical parts anti-symmetrically placed on both
sides of the specimen and between the heads of the test
machine.
Walrath and Adams (Adams and Walrath, 1987) adopted a
new setup based on the Iosipescu test, which has become the
standard test for composite materials (Pierron and Vautrin,
1997).
Petterson (Pettersson, 2002) experimentally veriﬁed, by
using image correlation, that the ﬁeld distribution of shear is
not uniform and symmetrical in the central part of the
specimen.
Hawong et al. (2003) also showed the inﬂuence of the angle
of notch on the distribution of the shear deformation ﬁeld by
using photo-elastic measurements on an isotropic material (re-
sin). The analysis of unidirectional rupture of Iosipescu speci-
mens at 0 leads to the conclusion that the value of shear
strength cannot be directly determined with this test.
In the case of concrete alone, the geometry of Iosipescu
shear test specimen has been used by several researchers with
a single notch specimen or a double notch specimen (Arrea
and Ingraffea, 1981; Bazant and Pfeiffer, 1986; Swartz and
Taha, 1990; Ballatore et al., 1990). The results for the largest
absolute principal stresses show that tensile stresses are created
on both the roots of notches. These tensile stresses may be the
result of the failure mode 1 and probably explain this mode, or
the mixed mode observed in tests using the Iosipescu test spec-
imen geometry (Derradj and Kaci, 2007). The stress distribu-
tion between the roots of the two notches shows that shallow
notches give a stress distribution similar to that developed in
the indirect tension test (Schlangen, 1993).
2.3. Direct shear test
The direct shear test is commonly used to determine the shear
strength of soils and rocks in the ﬁeld of geotechnical engineer-
ing. Figs. 2 and 3 shows the basic principle of the device.
Figure 2 The Iosipescu test.
Normal force
Horizontal force
Fixed part  
Mobile part
Specimen  
Figure 3 Basic conﬁguration of the direct shear test.
Figure 4 Dimensions and boundary conditions.
A new technique for studying the behaviour of concretein shear 151The device consists of a ﬁxed lower part and an upper mo-
bile one. A constant vertical force is applied on top of the shear
box and a horizontal force is applied on the mobile part of the
box. During the shear test, the horizontal and vertical displace-
ments a well as the forces are completely controlled. The box
dimensions are 140 · 140 · 300 mm. This model can be
adapted to concrete specimens.
The main disadvantage of using such a test for the shear of
concrete is the presence of gaps between the concrete and the
inner wall of the shear box because of the phenomena of hard-
ening and shrinkage of concrete after casting. So, the poor
contact between the specimen and the box can lead to a non-
uniform distribution of stress and affects the nature of the re-
sults. In addition, the friction between the lips of the crack
after the peak leads to a stiffening behaviour of the structure
and does not reﬂect the behaviour in brittle shear despite the
full opening of the crack.
The test design does not allow the mechanism of aggregate
interlock to be dominant because the specimen can dilate and
the normal force is not sufﬁcient to completely block the
expansion (Wong et al., 2007).
3. Design of the proposed test
3.1. Introduction
For this study, the development of a shear test to provide a
simple relationship such as: r(t) = F(e(t)), remains indispens-
able for understanding the behaviour of plane shift, where:
e(t) represents the history of deformation, r the stress state
at time t and F is a functional.
In the following, a new mechanical test is proposed to
experimentally determine the relationship that characterises
the shear behaviour of concrete.3.2. Test principle
The test principle is based on the creation of zones of zero con-
straints using two Styrofoam pieces added to the mold.
So, new boundary conditions are created to transform the
compressive stress into a plane shear on a very speciﬁc area
(Fig. 4). The horizontal deformations are conﬁned by the reac-
tion of a cage of radial reinforcement during the test.
Using this technique led to develop a test method for shear
failure of a cylinder in which the support is considered as non-
deformable. This arrangement ensures a good perpendicularity
of the cylinder and a good distribution of stresses on its upper
part.
The new method proposed, based on the physical analysis
and experimental observations, utilises the concept of ‘‘devia-
tory deformation’’. The latter is responsible for shear damage
in addition to damage by extension. Both types of degrada-
tions (damage by extension and slip) are simultaneously con-
sidered to describe the transfer mechanism of shear (Fig. 5).
Because of the law of parity of tangent constraints on two
perpendicular sides, the relative vertical displacement between
the inner and outer surfaces of the hollow cylinder produces a
vertical shear ﬂow balanced by tangential stresses on the lat-
eral surface of specimen. So, for a given set of dimensions of
the deformable body, the fracture surface has a conical shape
with a greater diameter D2 and a smaller diameter D1 (Fig. 6).
The value of E= (D2–D1)/2 gives the inclination of failure
plane (tg a = h0/E).
Consider a small perturbation; at time t= t1 the vertical
balance of the specimen is given as:
Figure 5 Mechanism of shear transfer.
Figure 6 Orientation of the shear band.
152 R. Boulifa et al.0:25:P:D21:rvðt1Þ ¼ 0:5:P:ðD1 þD2Þ:
Z L
0
sxyðt1; lÞ:dl ð1Þ
With:
0:25:P:D21 ¼ A1: The area of a circle of diameter D1
0.5.P.(D1 + D2).L= A2: The surface area of frustum of
right Circular Cone
(0.5 D1 being the radius of the top and 0.5 D2 being the
radius of the base)
L ¼ h0
sin a
rv(t1).a1 = VC : The applied loadR L
0
sxyðt1; lÞ:dl: The ﬂow of vertical shear along the fracture
planemc ¼ VC
A2
ð2Þmc : The shear stress contributed by concrete
3.3. Analysis of shear stress
The ﬁgure hereinafter presents the proﬁles of shear stress in
elasticity obtained by the numerical simulation of the test spec-
Figure 7 Proﬁles of shear stress.
A new technique for studying the behaviour of concretein shear 153imen using FEM. The simulation is performed in three
dimensions.The applied load and boundary conditions are: an imposed
displacement of -3 mm-applied on the surface of the cylinder
154 R. Boulifa et al.head along the axis 3 and a blocking movement of the base
specimen along the three directions.
A comparison of the proﬁles of shear stress leads to the
conclusion that:
- The shear zone produced by the type of loading increases
with angle a.Figure 8 Positio
Figure 9 Testing machine
Figure 10 Mechanism of rupture (- The type of loading produces a concentration of shear
stress along the outer part of the inner cylinder having
diameter D1.
- With an angle of 35 degrees, the maximum shear produced
by this type of loading is located at the top of the specimen
(Fig. 7d).n of LVDT.
and moulding device.
specimen B50E7 with a = 55).
Table 2 Geometric characteristics of specimens.
Title of test D1 (mm) D2 (mm) E (mm) a (degrees)
B50E14 84.4 370 142.8 35
B50E10 100 300 100 45
B50E7 120 260 70 55
B50E0.75 185 200 7.5 86
Table 1 Composition of 1 m3 of concrete.
Water/cement CPA cement (kg) Sand (kg) Gravel 4–8 mm (kg)
0.5 350 701 974
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4.1. Measurement of deformation
We consider that both sides of the specimen (the solid cylinder
of diameter D1 and the hollow cylinder of thickness (D2-D1)/2)
do not undergo transverse movements.
The longitudinal deformation of the specimen is determined
by the imposed displacement between both upper and
lower planes. Also, it is assumed that this displacement is re-
duced to a component on the axis of the plain cylinder,
called V.
To measure the longitudinal slip (displacement V) between
the two cylindrical sections S1 and S2, a displacement trans-
ducer LVDT (linear voltage displacement transducer) was used
(Fig. 8). To enable the use of LVDTs, special supports were
used. The accuracy of displacement is 0.2% of the total stroke
which is 25 mm.
4.2. Conduction of tests
The tests were conducted in the laboratory ‘‘LMSS’’ (struc-
tural and soil mechanics laboratory) of the Civil Engineering
Department on a universal testing machine with a maximum
compression load of 3000 kN (Figs. 9–11).
The test device is connected to a computerised control sys-
tem with a data acquisition card, which gives ‘‘stress-displace-
ment’’ curves of great precision.
The concrete mix is shown in Table 1. Adequate aggregate
dimensions were used.
The proposed geometries are illustrated in Table 2. Three
tests for each inclination of the failure plane were conducted.
The tests were done beyond 28 days. The compressive strength
is determined from tests on three specimens of diameter
160 mm and height 320 mm.
5. Results and comments
The average compressive strength is 20 MPa. The ﬁgures be-
low show the mechanism of damage obtained by the proposed
test. The failure mechanism was determined by examination of
the failure plane after testing.
The fracture morphology is identical for the specimens
B50E7, B50E0.75 and B50E10 but completely different for
the specimen B50E14.
The rupture occurs by separation of a cone of concrete for
the case of B50E7 (a = 55) and B50E10 (a = 45). The crack-
ing is forced to follow a predeﬁned surface depending on the
geometry obtained by using the Styrofoam pieces. The mi-Figure 11 Mechanism of rupture (cro-cracks gather into a single macro-crack of angle a rela-
tively to the horizontal. The specimen is divided into two
intact fragments, a conical central part and a cylindrical exter-
nal part.
If the chosen dimensions of the test set-up are realised for
a = 86 (B50E0.75), the rupture occurs by the separation of
a cylindrical central part which implies that the testing system
is used with efﬁciency, the 86 degree angle test leads to almost
a pure shear failure (Fig. 13b) .
With an angle of 35, it became impossible to integrate the
shear transfer, the rupture does not occur according to the pre-
deﬁned surface. The concrete around the radial reinforcement
is damaged and the crack propagates in the lower surface of
the specimen (Fig. 12 a). The rupture occurs by bending of
the central portion of the specimen that simultaneously creates
cracks in the lower ﬁbres of the central part (strained areas)
and the diametrical plane of the specimen despite the presence
of a radial reinforcement cage.
Four curves representing the force–displacement responses
of tests B50E7, B50E10, B50E0.75and B50E14 are shown in
Figs. 14 and 15. In the ﬁrst part of curves, if the angle of failure
surface is small, the force–displacement curve shows a nonlin-
ear part which is relatively large until rupture. The specimen is
more ductile after fracture.
Depending on the direction of the normal stress from the
surface of cracking, the breaking force of specimen B50E0.75
is higher than one of B50E7 and B50E10. The specimen
B50E14 presents the weakest force.
The angle of shear plane directly inﬂuences the behaviour
of concrete in shear. Indeed, the dimension E is inversely pro-
portional to the bending stiffness of the central part of the
specimen. The ﬂexibility of the central part generates rotations
of the vertical wall of the diametrical plane which explains thespecimen B50E10 with a = 45).
Figure 13 Failure mechanism (Specimen B50E0.75 with a = 86).
Figure 12 Failure mechanism (specimen B50E14 with a = 35); (no rupture according to the plane AB).
156 R. Boulifa et al.damage to the bottom of the outer wall of the specimen
B50E14 (tension zone). The force–displacement relationship
for specimen B50E14 shows a ductile behaviour and the dam-
age is diffused. The descending part explains the response of
the outside of the specimen after cracking where the radial
reinforcements prevent the transverse movement of damaged
concrete.
6. Discussion
The proﬁles of tensile damages shown in Figs. 16 and 17 are
obtained by a mechanical analysis of damaged concrete using
a plasticity model in ‘‘ABAQUS’’ programme.
The crack distribution for the four specimens is similar to
the experimental results.The direction of the normal stress (traction or compression)
in the plane of crack is a key parameter to analyse the shear
failure of concrete since it gives totally different behaviours
(brittle or ductile).
The test is not an intrinsic shear test but it is able to com-
bine tensile and shear strengths in function of the angle of
shear.
The inﬂuence of Shear span-to-depth ratio (angle alpha) on
the contribution of concrete in shear strength of structure has
not been covered accurately by the major codes of practise.
Only a few codes such as ACI 318 (ACI Committee, 1999)
and few researchers have proposed empirical equations based
on test results.
The shear design code of deep beams by the ACI gives Eq.
(3).
Figure 14 Inclination of failure plane (tests B50E7 and B50E10).
Figure 16 Proﬁles of tensile damage (specimen B50E0.75 and
B50E7).
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d
 h i
0:156
ﬃﬃﬃ
fc
p
ð3Þ
Where
3:5 2:5 a
h
 h i
6 2:5) a < 68:12; tga ¼ h
a
mc ¼ VC
hbw
mc : The shear stress contributed by concrete
Vc : The shear strength contributed by concrete
a : Shear span distance
bw : Width of beam
h : Depth of beam
fc : Cylinder compressive strength of concrete
The structural idealisation proposed by Kong and Sharp
(Kong and Sharp, 1977) gave the following equations for shear
strength. Considering the concrete strut joining the loading. . .
Figure 15 Force–disand reaction points, the shear stress contributed by concrete
for the beams without shear reinforcements is written as:
mC ¼ C1 1 0:35 a
h
h i
0:5
ﬃﬃﬃ
fc
p
ð4Þ
where C1 = 1.40 for normal-weight concrete and 1.35 for
lightweight concrete.. .
placement curves.
Figure 17 Proﬁles of tensile damage (specimen B50E10 and
B50E14).
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Figure 18 Variation of maximum shear stress with angle a.
158 R. Boulifa et al.Fig. 18 shows the variation of mc according to Shear span-
to-depth ratio (angle alpha) to compare the experimental re-
sults with design equations.
The security factor has been removed. The values of the
experimental results are less than the values proposed by Kong
and Sharp (Kong and Sharp, 1977).
It can be observed that the ACI code prediction is weaker
than the values estimated by the experimental results and con-
servative with decreasing the Shear span-to-depth ratio.7. Conclusions
This paper presents the experimental results of a new test de-
sign to evaluate the shear behaviour of concrete. The test is
performed on four types of specimens with different inclina-
tions of the failure plane.
– For, a = 45 and a = 55, the test shows that the fracture
occurs by shear in the predeﬁned angle. The angle of failure
plane reduces the circumferential stresses and the concrete
remains intact in the outer part of the specimen and does
not undergo cracking.
– For the inclination of 86, the failure of the specimen shows
a neat inner cylinder completely separated from the outer
cylinder along a shear cracking surface. It is closer to a pure
shear condition than the other specimens.
– For the specimen of inclinations of 35, although there was
no rupture by shear according to the predeﬁned angle, but
the geometry of the specimen enhances the bending moment
and the rupture occurs by bending of the central part of the
specimen.
In conclusion, we can say that the proposed test methodol-
ogy is able to combine tensile and shear strengths in function
of the angle alpha and allows describing the mechanism of
shear transfer for a > 45. The method is capable to evaluate
the contribution of concrete in shear for lower values of shear
span.
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